Chitosan nanofiber membranes have been known to have a high degree of biocompatibility and support new bone formation with controllable biodegradation. The surface area of these membranes may allow them to serve as local delivery carriers for different biologic mediators. Simvastatin, a drug commonly used for lowering cholesterol, has demonstrated promising bone regenerative capability. The aim of this study was to evaluate simvastatin loaded chitosan nanofiber membranes for guided bone regeneration (GBR) applications and their ability to enhance bone formation in rat calvarial defects. Nanofibrous chitosan membranes with random fiber orientation were fabricated by electrospinning technique and loaded with 0.25 mg of simvastatin under sterile conditions. One membrane was implanted subperiosteally to cover an 8 mm diameter critical size calvarial defect. Two groups: 1) Control: non-loaded chitosan membranes; 2) Experimental: chitosan membranes loaded with 0.25 mg of simvastatin were evaluated histologically and via micro-computed tomography (micro-CT) for bone formation at 4 and 8 weeks time points (n = 5/group per time point). Both groups exhibited good biocompatibility with only mild or moderate inflammatory response during the healing process. Histologic and micro-CT evaluations confirmed bone formation in calvarial defects as early as 4 weeks using control and experimental membranes. In addition, newly-formed bony bridges consolidating calvarial defects histologically along with partial radiographic defect coverage were observed at 8 weeks in both groups. Although control and experimental groups Journal of Biomaterials and Nanobiotechnology demonstrated no significant statistical differences in results of bone formation, biodegradable chitosan nanofiber membranes loaded with simvastatin showed a promising regenerative potential as a barrier material for guided bone regeneration applications.
Introduction
Guided bone regeneration (GBR) technique is a widely utilized surgical approach in the augmentation of alveolar bone deformities that are frequently observed in edentulous patients. A wide range of nonresorbable and resorbable barrier membranes are currently used in GBR procedures to prevent soft tissue infiltration and achieve osseous tissue formation [1] . Among these, nonresorbable membranes such as polytetrafluoroethylene are susceptible to contamination during exposure and require a second surgery for membrane removal [2] . On the other hand, resorbable membranes, like collagen, often exhibit premature degradation, which limits volume of bone formation [3] .
Chitosan is a natural co-polymer composed of N-acetyl-glucosamine and glucosamine units, and has been investigated as an alternative material in bone tissue regeneration due to its well described biocompatible and biodegradable properties [4] . In addition, several studies have reported chitosan to have antibacterial and hemostatic activities as well as to promote osteoprogenitor cell differentiation and mineralization [5] [6] [7] [8] [9] . Because of these properties, chitosan has been investigated in both GBR and guided tissue regeneration (GTR) and these studies have generally reported the ability of chitosan to support new cementum and bone formation [10] - [16] . The potential of chitosan as a GBR material may be enhanced using the electrospinning process to form nanofibrous barrier membranes [12] [13] [14] [15] [16] . Use of nanofibrous membranes offers many advantages, including small pore sizes of 100 -200 nm, which prevents soft tissue infiltration and maintains effective barrier function, while mimicking native extracellular fibrous structure favorable to cell growth and tissue healing [12] - [21] . Moreover, the nanofiber structure increases the membrane's surface area which has advantages for incorporation and local delivery of molecules to enhance membrane regenerative properties [22] . Many studies examining chitosan membranes have focused on the incorporation of growth factors such as bone morphogenetic proteins (BMPs) and platelet derived growth factor (PDGF) to enhance bone regeneration in GBR applications [23] [24] [25] [26] . These studies report that incorporation of these growth factors into the chitosan materials resulted in marked increase in new bone formation with rapid calcification [23] [24] [25] [26] . While these growth factors Journal of Biomaterials and Nanobiotechnology may improve the bone regenerative capability of the chitosan membranes, they are associated with high costs due to the supra-physiological doses needed, which can result in adverse effects including root resorption and ankyloses, thus limiting their clinical benefits [27] - [32] .
Simvastatin, an affordable and widely used hypolipidemic agent in the management of cardiovascular diseases, may be a promising alternative to these growth factors for bone healing stimulation. Early human studies reported an association between systemic statin use and reduced risk of hip fracture as well as increased bone density [33] [34] [35] . This effect of simvastatin on bone formation is explained through a variety of in vitro observations. Simvastatin has the ability to upregulate BMP-2 mRNA expression in human mesenchymal stem cells [36] . In addition, osteogenic differentiation of human periodontal ligament stem cells cultured with simvastatin was enhanced and characterized by elevated expression levels of osteogenic markers such as alkaline phosphatase, bone sialoprotein, and BMP-2 [37] . In fact, simvastatin has the ability to antagonize tumor necrosis factor-alpha (TNF-α), an inflammatory cytokine that inhibits osteogenesis, and subsequently upregulate the expression of BMP-2 in osteoblasts [38] . Furthermore, simvastatin can promote osteoblastic differentiation by stimulating vascular endothelial growth factor (VEGF) expression in osteoblasts and reduce osteoclastic activity, both of which lead to improved osteogenesis In recent years much attention has been focused on local delivery strategies of simvastatin to allow adequate dosage at the desired site and avoid systemic side effects such as liver toxicity and myositis. Locally delivered simvastatin is reported to positively influence bone regeneration in the treatment of periodontal disease, maxillary sinus augmentation and enhance osseointegration around dental implants [43] [44] [45] [46] [47] . Bone re-generation was also higher when simvastatin was utilized locally in defects of calvaria, mandible and tibia osteotomy animal models [48] - [53] .
By taking advantage of drug loading and local delivery potential of nanofiber chitosan membranes with the potential of simvastatin as an alternative to expensive growth factors, the ability of chitosan nanofiber GBR membranes to support bone regeneration in alveolar bone deformities may be enhanced. Therefore, the aim of this study was to evaluate simvastatin loaded chitosan nanofiber membranes ability to enhance bone formation in a critical sized rat calvarial defect model.
Materials and Methods

Preparation of Chitosan Membranes
Nanofibrous chitosan membranes with random fiber orientation were fabricated by electrospinning a 5.50 wt% chitosan (degree of deacetylation (DDA) = 70% gauge needle, at 25 kV voltage as previously described [13] . Briefly, the nanofibers were collected on a 38.1 cm non-stick aluminum foil target positioned 15 cm from needle tip and rotated at 8.4 rpm by an AC motor [13] . Membranes were cut into 14 mm diameter disks. Ten mg of electrospun nanofiber membrane disks were treated in a 50% butyric anhydride in pyridine solution for 1hr
with stirring at room temperature to create a butyryl-modified membrane (Figure 1(A) ).
The addition of the butyric fatty acid molecule to the outside of the chitosan nanofibers increases the hydrophobic characteristics of the membrane and retains the nanofiber morphology when immersed in aqueous solutions [54] . Following treatment, membranes were rinsed in 3 changes of 1 L volumes of distilled water at 8hr intervals to remove residual salts from electrospinning solvent [54] . The membranes were then dried by lyophilization and sterilized by ethylene oxide gas ( 
Experimental Design
In this study, two nanofiber chitosan membranes were compared: 1) plain chi- Sprague-Dawley rats (approximately 2 months of age and 370 g). Animals were randomized into 4 groups (n = 5/group per time point). 1 -2 animals were added to each group to compensate for sample attrition due to death of animals.
These animals were selected because they provide adequate size and tissue volume for testing the membranes, and are widely accepted for determining wound healing and tissue response to the implanted membranes. Briefly, rats were anesthetized with an inhalation of isoflurane (1%) in an oxygen carrier. A midline incision in the skin over the cranium was made from the middle of the nasal bones to the posterior nuchal line (~20 mm). The underlying soft tissue and periosteum were incised and reflected to expose the calvaria. An 8-mm diameter circular craniotomy was made in the center of the exposed calvaria using a custom trephine bur (Figure 2(A) ). The drilling site was irrigated with sterile saline to limit heating during defect creation. The cranium disk was carefully dissected away while avoiding dural perforations and superior sagittal sinus intrusions.
Rats were randomly assigned to either experimental or control groups. One membrane (14 mm in diameter) was implanted subperiosteally covering the critical defect by at least 3 -4 mm ( Figure 2 
Micro-Computed Tomography Analysis
Retrieved calvarial samples were fixed in 10% neutral buffered formalin for 72
hours and transferred to phosphate-buffered saline (PBS). High resolution micro-CT was utilized to scan and evaluate the healing and mineralization of the 
Histological Analysis
Previously scanned samples were then decalcified and prepared for paraffin em- 
Statistical Analysis
Ninety-five percent confidence intervals were calculated and used to compare 
Histologic Evaluation of Biocompatibility and Degradation
In general, no adverse histological reaction was observed in the tissues surrounding the implanted membranes. At 4 weeks most specimens in both groups showed mild granulation tissue response with mainly neutrophilic migration towards the membrane surface along with few foreign-body giant cells ( Figure   5 ). Angiogenic activity represented by capillary formation associated with the membrane surface was observed in both groups ( Figure 5 ). Resolution of inflammation was seen histologically in specimens collected at 8 weeks. Inflammatory cells were rarely evident and fibroblasts were seen at the periphery of control and experimental membranes (Figure 3 (B) and Figure 4(B) ).
The inflammatory response against these materials was assessed using the 4-point scoring system. As shown in Regarding degradation, membranes in the control and experimental groups presented with minimal to no change of shape and structure at 4 weeks ( Figure   5 ). The membrane outline was clearly demarcated from surrounding connective tissue with few histological sections showing membrane fiber delamination. At 8 weeks, the membrane structure of control group presented to not be permeated with minimal signs of degradation (Figure 3 (B) and Figure 3 (C)). As bone continued to form in the defects, the membrane outline of experimental group was recognized and slightly showed more delamination of membrane material compared to control group (Figure 3 (B) and Figure 4 (B)).
Histomorphometric measurements of percent of membrane in defect area are shown in Table 2 . The percentage of remaining membrane in defects at 4 weeks was (24.79 ± 10.72) vs (25.07 ± 22.86) for the control and experimental groups, respectively, with no statistically significant difference (P > 0.05). Membrane presence in defects decreased throughout the study period for both groups and was less in the experimental group (14.90 ± 17.07) vs (18.69 ± 13.37) in the control at 8 weeks. However, the differences were not statistically significant (P > 0.05).
Histologic and Micro-CT Evaluation of Bone Formation
As shown in Figure 5 (A), newly-formed bone in the control group was detected at the edges of the defect at 4 weeks. In some specimens, bony islands were found in the central portion of the defect as well. Similar histological findings of bone formation were seen in the experimental group ( Figure 5(B) ). At 8 weeks, newly-formed bone islands were connected to each other at the center of the defect and partial to complete reunion of defect margins were evident histologically in both groups (Figure 3 (B) and Figure 4 (B)). Prominent bony bridges consolidating the calvarial defects were observed in some specimens as shown in Micro CT analysis showed apparent areas of bone formation in previously created defects indicating new bone formation at 4 weeks in both groups ( Figure   7 (A) and Figure 7(B) ). Scattered radiopacities with partial and almost complete bone coverage, particularly in the control group, were seen on micro-CT at 8 weeks (Figure 3(D) and Figure 4(D) ). Table 2 shows percentages of new bone volume to defect volume, new bone density and ratio of new bone surface area to bone volume. Comparable results were observed at 4 weeks in both groups. Volume and density of new bone formed in defects increased throughout the study period, although the differences between time points for both groups were not statistically significant. The control group exhibited new bone volume percentage of (28.89 ± 26.90) and density (1.69 ± 0.14 g/ml) at 8 weeks vs (12.83 ± 4.80) and (1.66 ± 0.02 g/ml) in the experimental group, respectively. The ratio of the surface area to new bone volume decreased from 4 to 8 weeks for both types of membranes and there were no differences between the membrane types.
Discussion
GBR membranes are used to enable predictable bone formation in alveolar bone. These results are also consistent with previous studies by our group demonstrating in vitro and in vivo compatibility of the butyric acid modified chitosan nanofibrous membranes (BCSNF) used in this investigation [16] [54]. The butyrylation modification is used to stabilize and prevent the loss of, the nanofiber morphology of the chitosan electrospun membranes. Retaining the nanofiber structure of the membrane can mimic the natural extracellular matrix structure and provide pores to exchange nutrients while remaining cell occlusive to enhance potential in guided bone regeneration [16] . In a rodent calvarial defect period. In this study, clinical observations at retrieval were consistent with the histologic evaluations revealing that both control and simvastatin loaded chitosan membranes remained intact with no significant signs of fragmentation or degradation up to 8 weeks. Even though soft tissue was in close proximity/apposition to both membrane groups, the membranes maintained their barrier function and were effective in preventing soft tissue penetration. Similar histologic observations and measurements for the amount of membrane remaining in both groups suggest that simvastatin has a negligible effect on chitosan membrane rate of degradation.
The slow degradation of the membranes was judged to be appropriate since the membranes should last in place without degradation for 4 -6 weeks [12] .
Biodegradation of chitosan is generally explained by the enzymatic activity of lysozyme and specific human chitinases that leads to the formation of oligosaccharides which can be incorporated in metabolic pathways or be further excreted [57] [58] . This slow degradation profile may be attributed in part to chitosan biostructural properties where butyrylation modification tends to make the membranes more hydrophobic and thus less susceptible to hydrolysis and enzymatic degradation. Slow degradation can be also related to the mild to moderate inflammatory response surrounding these membranes. Previously, our group also showed a favorable degradation rate of butyric acid modified chitosan membranes as compared with the control commercial collagen membranes [16] . In addition, similar results of membrane stability and degradation pattern during bone formation over a period of 8 -12 weeks were observed by Shin et al. and Su et al. where chitosan nanofiber membranes retained its shape and continuity as well as the required space for regeneration [12] [15].
In the current study, histologic and micro-CT evaluations confirmed bone formation in calvarial defects as early as 4 weeks. Initially, bony islands were seen below the membranes and thicker osseous tissue was detected at the edges of the defect. Micro-CT analysis demonstrated scattered radiopaque areas of bone formation with comparable results in both groups for all measurements.
The results of early bone formation in our study are consistent with previous reports where bone formation was observed in defects at 3 -4 week time points following surgery [12] [15] [16] .
Bone continued to form in the calvarial defects in both groups at 8 weeks and bridges of newly-formed bone fusing margins of defects were observed histolog- progenitor cells may be potentiated by chitosan and can assist in bone formation [7] . In another study by Park et al., degraded chitosan sponges were surrounded by newly formed osseous tissue without fibrous tissue invasion [23] . It is been postulated that since chitosan has structural characteristics similar to the glycosaminoglycans, specifically hyaluronic acid, this may facilitate the migration and proliferation of osteoprogenitor cells [60] . An increased level of hyaluronic acid is a common observation in tissue repair during wound healing. The direct effect of chitosan nanofiber membranes on osteoprogenitors was observed histologically in a recent in vitro study by Lotfi et al. [14] . It was found that chitosan-nano electrospun coating of collagen membranes had an improved proliferation and metabolic activity of mesenchymal stem cells as well as higher expression of osteogenic genes (Osteocalcin, RUNX2 and Col-α1), calcium content and alkaline phosphatase activity of these cells.
Micro-CT analysis revealed increased levels of new bone volume and density throughout the study period. The increase in density may be due either to new bone formed at a later stage or new bone formed earlier that eventually minera- The micro-CT bone surface to volume ratio is considered a good indicator of the active remodeling process within the bony defect. Higher bone remodeling may lead to greater bone surface with healing progression. The decrease in surface area-to-volume of new bone at 8 weeks may indicate increased bone formation in the defect along with a fair amount of osteoid remolding activity. A study by our group reported new bone volume/defect volume percentages of 37.2% ± 22.7% and 13.6% ± 7.1% calculated from histomorphometric and micro-CT data respectively for the butyric acid modified chitosan nanofibrous membranes at 12
weeks [16] . Similar to their results, our study showed comparable results of bone Journal of Biomaterials and Nanobiotechnology formation at an earlier time point of 8 weeks. This highlights the predictability and consistency of using nanofibrous chitosan membranes for GBR applications.
A major aim of this study was to evaluate whether the local delivery of simvastatin from the chitosan membranes may enhance the new bone formation and defect fill. The successful use of simvastatin to promote bone formation depends on the local effective concentration at the defect by using an appropriate delivery system. Numerous studies have reported that the local delivery of simvastatin from carriers such as α-tricalcium phosphate and polylactic acid membranes lead to an increase in bone healing [49] [52] . In addition, a recent in vitro study by Gentile et al. showed a controlled localized release of simvastatin over 11 days from porous chitosan-gelatin scaffolds was needed to influence the osteoblastic proliferation and differentiation [61] . In this study, while the histomorphometric data of the simvastatin loaded membranes group showed a better bone response than that of control membranes at 8 weeks, the effect of simvastatin in bone formation was modest and not statistically significant. The reason for the difference in our result versus that of other studies is not believed to be due to the amount of simvastatin applied to the membranes since the amount used was within ranges of that used in studies demonstrating a positive effect on bone healing in calvarial defects [49] [52] . The difference is more likely due to the release kinetics of the simvastatin from the membrane. Passive absorption was used to load the simvastatin to the chitosan membranes. It may be that the simvastatin was released too quickly from the chitosan membranes and thus was not present for long enough period to impact bone healing. Alternatively, given the hydrophobic character of the chitosan membranes due to the butyrylation modification, the hydrophobic simvastatin may not have been released as levels high enough to have a therapeutic effect.
Additional studies are needed to determine the release profile of simvastatin from the chitosan membranes used in our study, as well as the ideal release profile for a beneficial effect on bone healing. The overall results should be taken with caution considering the large standard deviation of the new bone growth that was observed in both groups. Some samples yielded significant new bone formation that almost covered all the defect area, while some only showed minimal new bone even after 8 weeks. Nevertheless, results from this study suggest that chitosan nanofiber membranes may be suitable carriers for simvastatin and a viable alternative to currently utilized GBR membranes.
Conclusion
The present study tested a novel chitosan carrier system to locally deliver simvastatin to promote bone formation. Both unloaded and loaded chitosan membranes were biocompatible, with enhanced bone formation and no evidence of an adverse inflammatory reaction. Slight improved bone formation was observed with simvastatin loaded chitosan membranes, however, more studies are needed to optimize this delivery system and the kinetics of release. This study Journal of Biomaterials and Nanobiotechnology shows that biodegradable nanofiber chitosan membranes with and without simvastatin may be of a promising potential in the field of guided bone regeneration.
